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1. I n t r o d u c t t o n  

For a  long t ime t h e  1 N + NX r e a c t  lone have been en nc t 

area  of reeearch  i n  p a r t i c l e  phyeica. A g r e a t  v a r i e t y  of e l e -  

mentary ampli tudea have been e l a b o r a t e d  wi th  euccess i n  t h e  

frnmeaork of tba  d i e p e r s i v e  metbode' * 2 ) ,  t h r  r e l r r r n t  l o r -  

-energy theorems ( L F T ) ~ )  and t h e  phenomenological b g r a n g i a n  

method4'*). I n t e r e s t  i n  t h e  ~ O - p h o t o p r o d u c t i c n  baa revived b 

CaUBe of the  complete review of t h e  experimental  date on the  

proton n e a r  th reshold6v7) .  The c o n e i s t e n t  e e t  of tbe very nee: 

th reabold  rxper imsnte l  r e a u l t r  from SACLAY and MAD2 era  i n  

e t r o n g  disagreement with t h e  f i r m  e t a t e n e n t s  of the t h e o r e t i c c  

p r e d i c t i o n s  baaed on the LET and PCAC hypotheaie:  tbe value 01 

t h e  Eo+ d i p o l e  dominant i n  t h e  low-energiee region i e  not  we 

deeoribed but i e  i n  accordanoe wi th  t h e  d i a p e m i v r  BDW ampli tu  

de'). l iarever ,  r e  i t  w i l l  be shown f u r t h r r ,  i n  t h i s  vereion of  

an rlernentary ampli tude c e r t a i n  o o r r e c t i o n e  connected with t b e  

v e o t o r  meron exohange heve no t  been included. These c o r r e c t i o n  

laad t o  t b r  r a w  n 8 , u l t  a8 LLT and mAO. 

R r o r n t l y ,  muoh a t t a n t i o n  ha8 barn p r i d  t o  tho rxprkimenta 

i n v a r t l p t i o n  of t b r  o o b e n n t  9K0 photoproduotion of f  n u o l r  

a t  t h e  t h r e r b o l d  8*9*10). The l u i n  t a r k  of t h e r e  i n v r r t l g t i o n r  

baa been a n  a r t n o t i o n  of r d d i t i o n a l  i n f o r u t i o n  about t b r  elma 

wntar) .  ampli tude,  pmr t iou la r ly ,  about  t h e  r r l u e a  d tha M,++ 
81. M,- - m u i t i p ~ i a m .  A. ba r  b e a ~  a h r d y  . b a n  i n  ~rm.lO*ll ) 

and w i l l  b r  d i r o u a r r d  i n  t b r  p n r r n t  PPr ,  t b e  mao .  

t i o n  on n u o l r i  i r  vary  r a n m i t i n  t o  d i f f r n n t  nod01 prrdiot iona 

of t b e a r  mult ipolnr .  On t b e  o t h r r  band, by .ran8 o t  t h i r  prooer 

onr oan g.t r unipur  t o o l  t o  r r a r i n e  t b e  p r o p e r t i r r  of t b r  X A  
2 



i n t e r a c t i o n  a t  very low e n e r g i e s  end o b t a i n  informetion about  

t h e  behaviour  of a  pior. i c s i d e  n u c l e i .  The in tens ive  exper i -  

menta l  i n v e s t i g a t i o n s  i n  MAINZ, SACLAY and Tomk gave an oppor- 

t u c i t y  t o  s o l v e  t h e  above-mentioned problems. 

One of t h e  methods widely used f o r  t h e o r e t i c a l  d e s c r i p t i o n  

of t h e  coherent  pion photoproduct ion o f f  n u c l e i  i s  the d i s t o r t e d  

wave impulse approximation (DWIA). A t  present  time there  e r e  

two v e r s i o n s  of t h e  D'vVIA: 1  ) t h e  t r a d i t i o n a l  DWIA il? t h e  coor-  

d i n a t e  space12)  and 2) t h e  DWIA i n  t h e  momentum space1' ). Both 

g i v e  a i m i l a r  r e s u l t s  but d i f f a r  s l g n i f  i c a n t l y  i n  the e v a l u a t i o k  

of t h e  e f f e c t s  of t h e  pion wave d i s t o r t i o n  i n  t h e  f i n a l  s t a t e :  

50-100% end 4 14%. r e s p e c t i v e l y .  The main reason  of t h i s  d i e -  

c repansy  i s  connected wi th  d i f f e r e n t  d e s c r i p t i o n  of the pion 

behaviocr  i n s i d e  a  nuc leus  and consequently wi th  various pro- 

poea l s  f o r  t h e  o f f - e h e l l  e x t r a p o l a t i o n  of t h e  pion-nucleon 

s c a t t e r i n g  and pbotoproduct ion amplitudes. I n  t h e  present paper  

we u s e  t h e  momentum space D W I A  because i n  t h i s  method one can 

c o n s i a t e n t l y  t a k e  i n t o  account t h e  n o n l o c a l i t y  of the pbotopro- 

d u c t i o n  o p e r a t o r  and o f f s h e l l  e f f e c t e .  

I n  Sec. I1 we a h e l l  d iacuea  t b e  g .nera1  proper t i es  of  t h e  

e lementa ry  .mplitudea. Note t h a t  i n  c o n t r a s t  w i t h  Ref.11 ) w e  

w e  h e r o  t h e  f u l l  v e m i o n  of t h e  BL-amplitude whem, f o r  e n m p l e ,  
+ 

t h e  A -1mobar wid th  i e  c /dependent .  In Sac. I11 we c o n s i d e r  

t h e  p r o b l e m  o f  t h e  n u c l e a r  photoproduct ion amplitude ( t h e  Wxmi- 

*otion,  t h e  o f f + h e l l  effectm). The m s u l t e  a m  suiomriued and 

compamd w i t h  t h e  a v a i l a b l e  e x p e c l n n t a l  d a t a  f o r  %e, 'Id, 12c, 

160, 4 0 ~ a  and i n  %c. N. 



I. The xN+NJI: r e ac t i on  

A g r e a t  amount of t he  experimental  information on t h e  

photoproduction on a proton has  r e c e n t l y  been completed wi th  t h e  

unique da t a  i n  t h e  th reshold  These measurements make 

it pos s ib l e  t o  make thorough t h e o r e t i c a l  ana lyses  of t h e  e l e -  

mentary amplitude. Di f fe ren t  p r e s c r i p t i o c e  were used t o  cons t -  

r u c t  t h e  elementary amplitude Of a number of ve r s i ons  we 

choose two: 1 )  t k e  BL-amplitude 4*5  ) obtained by t h e  phenomeno- 

l o g i c a l  Legrangians and 2 )  t h e  BDW-amplitude developed i n  

terms of t he  d i spe r s i ve  r e l a t i o n  method. 

A. The BDW-amplitude 

The pion photoproduction amplitude can be w r i t t e n  i n  t h e  

51N c.m. frame a s  
.+ '* .+ '+ -r .+ .r .i 

~ - ~ + L f ~ 6 ~ t ) ~ . €  (1  ) 

a n  t h e  u n i t  vec to r .  of 
-+ 

t h e  photon and pion momenta i n  t h e  IJr W c.m. frame; i s  t h e  

photon po l a r i z a t i on  vector .  I n  t h e  i so sp in  space ,  t h e  f u n c t i o n s  

7k a n  u e u a l l r  represented i n  terma of t h e  i e o s c a l a r  3:) 
and i eovec to r  5:') o r  part.  w h e n  I i e  t h e  isompin o f  t h e  

XN system. I n  t h e  mul t ipo le  ana lysee  thew a r e  decomposed ove r  
I: 

t h e  e l e c t r i c  E& and u g n e t i o  M!* u l t i p o l e e .  

I n  t h e  case  of t h e  BDW-amplitude t h e  f l x e d - t  d i e p e r r i o n  

r e l a t i o n o  were ulred t o  eva lua t e  t h e  S- , p- and d -  wave m u l -  

t i p o l e  ampli tudes by ue ing  c o n i o m l  mapping techniques f o r  

eo lv ing  t h e  i n t e g r a l  e q u a t i o ~ .  I be  imaginary p a r t s  of t h e  mul- 

t i p o l e  amplitudee were obtained w i th  t h e  he lp  of t h e  Fe rmi4a t eon  

where { ~ ( W ) = [ E ~ ( W ) , M ~ I W ) ~ ;  W = ~ ~ ( i j ) r G @ f )  - 
is t h e  t o t a l  energy of t h e  K N  system; 6& is  t h e  ~ b /  s c a t -  / 

1 t e r i n g  phase s h i f t .  I n  Ref. ) t h e  va lues  of t h e  r e a l  p a r t s  of '. 
t h e  mu l t i po l e s  and t h e  phase s h i f t  6; a r e  tabula ted  f o r  t h e  

photon ene rg i e s  from 160 t o  500 bkV. 

I n  t h e  th reshold  reg ion  ( E < 160 MeV) we use t he  long- 
3 

wavelength approximation1 and t h e  fo l lowing  expression f o r  f: : 

I 1 
The c o e f f i c i e n t s  up+ and gt2 were determined from the  equiva lence  

LAB 
of t h e  logar i thmic  derive1;ives a t  f = 160 MeV and i n t e rpo l a -  

6 
t i o c  cf t h e  ma l t i po l e s  w i th  t h e  he lp  of cubic s p l i n e s  i n  t h e  
LAB E  < 160 MeV regiop. The va lue s  of t h e  mul t ipo les  dominant a t  
6 

t h e  th reshold ,ob ta iped  i n  t h i s  manner, e re  summarized i n  ~ e f . ' ~ ) .  

The BDW amplitude g ive s  good de sc r i p t i on  of the  experimen- 

t a l  da t a  i n  t h e  case  of t h e  charged pion photoproduction. Home- 

v e r ,  f o r  t h e  ;A' meeons a s e r i o u s  discrepancy a r i s e s  e l rpec ia l ly  

i n  t h e  low energy m g i o n  ( 4 200 hV). !Fhie m e u l t  can  be due Ea 
t o  t h e  abeence of t h e  v e c t o r  meeon exchange con t r l bd t i on  i n  t h e  

o r i g i n a l  BDW amplitude. I n  accordance wi th  ~ e 1 . l ~ )  wb have used 

t h e  po l e  model t o  i n s e r t  t h i e  exchange cont r ibu t ion .  With t h i s  

prooea- and n e g l e c t i n g  t h e  te- o r  an  o rde r  of (g2/rnL , 
f o r  example, i n  t h e  caee of t h e  do m e o n  exchange we have 

theorem 
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where 

The c o n s t a n t s  i n  (8-10) have t h e  f o l l o w i n g  va lues :  - 
Mh=1225 MeV; (,=0.282 i1/131; z5=2. 18, 

= O O O  e  );kl =222.9 MeV. 

Inclusion of t h e  Ldo -exchange Born-d iagram makes i t  pos- 

s i b l e  t o  o b t a i n  a  good f i t  t o  low and AS3resanance energy d a t a .  

The cor responding  express ions  a r e  t h e  same a s  i n  eq.(4) w i t h  t h e  
v 

W NN -ver tex  c o n s t e n t s  
T 

G O = l O a n d  G u = 3 .  

PX" pxc 
C. The ana lyses  of FC+ , M*+ and MP' 
A t  t h e  p r e s e n t  t i n e ,  t h e  r e l i a b l e  experimental  in format ion  

on t h e  t h r e s h o l d  -photoproduct ion off  a  proton has been ob- 

t a i n e d  i n  SAC LAY^) and MAINZ~). The v a l u e s  c f  t h e  l e a d i n g  i n  t h i s  

r e g i o n  m u l t i p o l e s  Ew , M4+ and f14- were e x t r a c t e d  from t h e  s e t  

of d a t a  on t h e  c r o s e - a e c t i o n e ,  d i f f e r e n t i a l  i n  t h e  photon e n e r -  

g i e e  (E -146.5 + 169.2 Y ~ V  '1 end E = 132 + 157 M ~ V  9 j 1 ,  and il 8 
from t h e  a n g u l a r  d i s t r i b u t i o n  on n e u t r a l  p1or.e f o r  E 158 h v 9 ) .  

11 = 
The exper imenta l  d a t a  and t h e  r e s u l t s  of d i f f e r e n t  t h e o r e -  

t i c a l  amlymes  a r e  e u m a r i a e d  i n  Table 1. One can s e e  t h e  d i e -  

crepmncy of t h e  EOt pp (BL) w i t h  t h e  experimental data .  It i e  

t h e  e t r i k i n g  dieagreement  of t h e  exper imenta l  value with one pre-  

d i c t e d  by t h e  l a - e n e r g g  theorems and PCAC hypothee i s  (which 

c o i n c i d e e  wi th  t h e  BL r s e u l t ) .  

0 
Fig. 1. D i f f e r e n t  c o n t r i b u t i o n s  t o  t h e  BL x - p h o t o p r o d u c t i o n  

ampli tude [ 5 1  . ( a )  and ( b )  a r e  t h e  Born terms,  ( c )  

i s  t h e  s - c h a n n e l  A fo rmat ion ,  ( d )  i s  t h e  f.do exchange 

term. 

PRO 
Table 1. Vmluee of t h e  Em ( i n  I O - ~ / M ~ +  ) end 

M,!: !in ~ o - ~ ' $ ~ D I ; +  ) m u l t i p o l e s  a t  th reehold .  

Experiment BL(W)[5]  BDWIl] BDW+k)O[14] 



The only ampli tude which a g r e e s  with t h e  experimental v a l u e  

f o r  go is t h e  BDW one. However, i n  t h i s  c a s e  ore cannot ob- 

t a i n  s a t i s f a c t o r y  d e s c r i p t i o n  of t h e  d i f f e r e n t i a l  c r o s s - s e c t i o r s  

i n  t h e  A3, resonance reg ion  and t h e  t o t a l  cross-sect ions i n  

the  t h r e s h o l d  r e g i o n  ( s e e  Fig. 2 and 3 ) .  A s  h a s  been pointed ou t  

e a r l i e r , t h e  reason  can be connected with t h e  absense of t h e  vec-  

t o r  meson exchange c o n t r i b u t i o n s  i n  t h e  BDI amplitude. Regarding 

the  coupl ing  c o n s t a n t s  i n  t h e  d f J N  -vertex a s  f r e e  paranetere .  

one can g e t  t h e  d e s c r i p t i o n  of t h e  above-mentioned cross  s e c -  

t i o n s  i n  t h e  A33 r e g i o n  and a t  t h e  th reehold  when 

V Gu= 15.0 and G2=4.39. ( 1 1 )  

pro The va lue  of the  &+ d i p o l e  i n  t h i s  c a s e  is i n  good 

agreement with go(E*~):  

There is one more i n t e r p r e t a t  i o n  of t h i s  r e s u l t .  I f  one 

assumes t h e  pole  model t o  be c o r r e c t  i n  t h e  case  of the 9'- 
exchang., then  t h e  fo l lowing  procedure can be applied: 

m e n ,  wi th  t h e  f o l l o w i n g  v a l u e  f o r  t h e  width of tho f'*q 
18 deomYl9) and t h e  oonmtante of  t h e  P N N  v e r t e x  ) 

f{,//G;-6.lb.6 r =0.067 MeV, P'=d 
i t  la eemy t o  e e t h t e  t h e  va lue  of  t h e  tenmor conrrtant of t h e  

LJ NN -vertex 

6; - -0.02b.61 

Fig. 2. The d i f f e r e n t i a l  c ross -sec t ione  f o r  t h e  ~ p j p x '  

r e e c t i o n .  The s o l i d  ac3  do t ted  l i n e s  a r e  t h e  BDN r e s u l t s  

wi th  and wi thout  WO exchange c o n t r i b u t i o n ,  r e s p e c t i v e l y .  

The dash-dot ted l i n e  is t h e  BL r e s u l t s .  The exper imenta l  

d a t a  a m  taken  from Ref. I223 , Ref. [23]+. 
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widely adopted i n  o t h e r  processes .  i s  t h e  non re l a t i v i s t i c  reduc- 

t i o n .  i.e. t h e  emanation o f f  t h e  elementary t -mstrLx l i n e a r  

over  P t e r n  of an order  of ~ / m  

1, 

where t h e  ruc lcon  momeotum P a c t s  a. -ie on the nuclear  i n i -  

t i e l  wave func t i oc ,  when one passes  t o  t h e  coordinate space over  

t h e  nucleon va r i ab l e s .  However, t h i s  p r e s c r i p t i o n  can hard ly  be 

adopted i n  t h e  ca se  of t h e  ~ O - p h o t o p r o d u c t i c n ,  especial ly i n  

t h e  A33 resonance region. I n  t h i s  case  t h e  leading m l t i p o l e ,  

namely M~+(w) (*here W i s  -dependent),  has a sharp energy  
Z 

dependence l i k e  [wi- M, + i M, L1-I 
There a r e  o t h e r  ways. The d i r e c t  one is  the  numerical eva- 

l u a t i o n  of t h e  i n t e g r a l s  over 7; . It l e ads  t o  the 54 lmecs io-  

n a l  i n t e g n l s  (with i n t e g r a t i n g  over  '$ i n  (17) )  ~ n d  neces s i t a -  

t e s  t h e  exac t  nuc l ea r  wave f u n c t i o n s  t o  be known. 

The ma111 idea  of t h e  t h i r d  approach t h a t  was used f o r  t h e  

pion-nuclear r t a t ~ e r i n ~ ~ ~ - ~ ~  ) and t h e  pion photoproduction 
11,24) 

is i n  t h e  s u b s t i t u t i o n  of p and p' i n  t h e  e1.mtax 'y t - 
matrix wi th  t h e i r  e f f e c t i v e  w l u e a  ( t h e  f ac to r i e a t i on  approxi-  

mat ion)  r 

I n  o r d e r  t o  eva lua t e  t h e  accuracy  of t h i s  approxFrrmtion 

l e t  u n p n s e n t  t h e  nuc l ea r  t n n e i t i o n  d e n s i t y  PCP:;) i n  

t h e  f o m  

where ytm(t) i s  t h e  hamonic  o s c i l l e t o r  func t ion .  men. i t  

is pos s ib l e  t o  make t h e  numerical i n t e g r a t i o n  over nucleon mo- 

menta p i n  express ion  (18) wi th  t h e  he lp  of t h e  procedure de- 

veloped f o r  example i n  ~ e f  .28s29). 

To compare t h e  exac t  r e s u l t s  obtained i n  t h a t  manner w i th  

t h e  r e s u l t s  based on t he  f a c t o r i s a t i o n  approrlmation (23)  end 

found wi thout  'fern1 motion we in t roduce  t he  follorring q u a n t i t i e s :  

where d 6 / d 4  and 6 a r e  t h e  d i f f e r e n t i a l  and t o t a l  c ro sa -  

sect ion.  obtained by t h e  numerical  i n t e g n t i o n  over P ; ddn/dfi 
and 6, a r e  t h e  corresponding va lues  with 

+ + /  - -+ 
n=0 f o r  p=O and p = K - q  (2 6 )  

The r e s u l t s  of t h i s  a n a l y s i s  a r e  p lo t t ed  i n  Fig. 4 f o r  t h e  

' 2 ~ ( I j  ,p reac t ion .  C+-,e can no t e  t h e  good accumcy of t h e  f a c -  

t o r l s o t i o n  approxlmatlon (h -1) a t  t h e  th reshold  (A 2-35). I n  

t h o  ~ r o n o n c o  reg ion  (EL&- 290 I b V )  it  ia o f  10% A t  t ho  ma= 
i 

t ime t h e  "fromm nucleonn a p p r o x b a t i o n  ( f l - 0 )  giver  tho h e u l t m  

which d i f f o r  from t h o  exac t  onor by m- than  10%. In  t h i s  cam0 

tho  dirompmncy i s  s t r ong ,  o r p o c i a l l y  f o r  t ho  engular d i r t r i b u -  

tioam. In t h o  angu l a r  r eg ion  r b o n  t ho  d i f f o n n t i r l  o roa8aoc -  

t i o n  doamamom 10 timer, t h o  m u m  and minirum m l u r r  of d b  
a n  about  20-30% and d R4 a n  about  2-35. So the f ac to r i so -  

t i o n  a p p r o x i r t i o n  prorida. on0 wi th  tho high aacunoy of in tog-  

r a t i on .  Yorover, t h o  s u b r t i t u t i o n  (23) loadr  t o  the r h u l t o n o o u s  

f u l f i l l m e n t  of  t h e  o n e r g  and momenta cornorvat ion f o r  t h o  %A 
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